Creative Commons Attribution-NonCommercial-NoDerivs License Intrinsic and scale-dependent properties of carbon nanotubes (CNTs) have led aligned CNT architectures to emerge as promising candidates for next-generation multifunctional applications. Enhanced operating regimes motivate the study of CNT-based aligned nanofiber carbon matrix nanocomposites (CNT A-CMNCs). However, in order to tailor the material properties of CNT A-CMNCs, porosity control of the carbon matrix is required. Such control is usually achieved via multiple liquid precursor infusions and pyrolyzations. Here we report a model that allows the quantitative prediction of the CNT A-CMNC density and matrix porosity as a function of number of processing steps. The experimental results indicate that the matrix porosity of A-CMNCs comprised of ∼ 1% aligned CNTs decreased from ∼ 61% to ∼ 55% after a second polymer infusion and pyrolyzation. The model predicts that diminishing returns for porosity reduction will occur after 4 processing steps (matrix porosity of ∼ 51%), and that > 10 processing steps are required for matrix porosity < 50%. Using this model, prediction of the processing necessary for the fabrication of liquid precursor derived A-CMNC architectures, with possible application to other nanowire/nanofiber systems, is enabled for a variety of high value applications.
I. INTRODUCTION
The tailorable energy harvesting 1-8 , storage [7] [8] [9] [10] [11] , and dissipation [12] [13] [14] [15] [16] capabilities of nanowires, nanofibers, and nanotubes make them prime candidates for next generation multifunctional material architectures. By integrating aligned nanofibers with a carbon matrix, materials with high strength, toughness, low density, and extended operating regimes may be synthesized. These materials can be produced through the heat treatment (pyrolysis) of aligned nanofiber polymer matrix nanocomposite (A-PNC) precursors, which are analogous to the APNCs reported elsewhere [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Such processing follows the typical synthesis routes of polymer derived ceramics [25] [26] [27] [28] , but relies on capillary [15] [16] [17] [18] [19] [20] [21] or vacuum [21] [22] [23] [24] assisted wetting of the aligned nanofibers rather than surfactant or functionalization assisted mixing. In order to manufacture aligned nanofiber carbon matrix nanocomposites (A-CMNCs) with tailored properties, the porosity of the matrix, which strongly influences its material properties, must be controlled. Such control over matrix porosity can be achieved via multiple polymer infusions and subsequent pyrolyzations. But since a theoretical model that quantifies the porosity change as a function of processing currently does not exist, there is no way to predict whether an A-CMNC with a certain matrix porosity can be fabricated, or how many processing steps would be necessary to achieve the desired matrix morphology. Here we report a model that allows the quantitative prediction of the A-CMNC density and matrix porosity as a function of number of polymer infusions and pyrolyzations. We find that diminishing returns will be reached after the fourth polymer infusion and pyrolyzation, and that the common wet infusion processing method may not be a viable approach for making low porosity (< 20%) A-CMNCs.
To evaluate the performance of the reinfusion model, application to an exemplary system of nanofibers was necessary. This system consisted of ∼ 8 nm outer diameter aligned multiwalled carbon nanotubes (CNTs), which have interesting intrinsic mechanical [29] [30] [31] [32] [33] and transport [33] [34] [35] [36] [37] [38] [39] properties, and were previously used to fabricate A-CMNCs with a pyrolytic carbon (PyC) matrix via the pyrolysis of phenolic matrix A-PNC precursors 23, 24 . See Fig. 1 for an illustration of a CNT A-CMNC architecture after a single polymer infusion and pyrolyzation (Fig. 1a) , and after a double polymer infusion and pyrolyzation (Fig. 1b) illustrating a decrease in the PyC matrix porosity from ∼ 50% (Fig. 1a) to ∼ 25% (Fig. 1b) . Previous studies on the morphology of the CNT arrays, known as forests, indicate that the average inter-CNT spacing in the as-grown (∼ 1 vol. %) CNT forests is ∼ 80 nm 18, 40 , meaning that the fabrication of low porosity A-PNCs is possible. However, once the polymer precursors are heat treated, additional porosity forms, and modeling indicates that its reduction to a value similar to that of carbon fiber reinforced carbon matrix composites ( 20%) 28 may not be possible using wet infusion in A-CMNCs. The primary goal of this study is to develop a framework that allows the prediction of the attainable matrix porosity as a function of number of polymer infusions in A-CMNCs for infusions performed using a liquid precursor with varying degrees of dilution. By developing and applying this reinfusion model to aligned nanowire and nanofiber systems, better prediction of the attainable matrix morphology using wet polymer infu- sion can be achieved, which could lead to macroscopic material architectures with optimized properties. Using this knowledge, multifunctional material solutions for aerospace, structural, and power system applications can potentially be designed and manufactured.
II. MODEL DEVELOPMENT

A. A-CMNC Density as a Function of Polymer Infusions
The A-CMNC porosity after a single polymer infusion, φ m,1 , can be defined as a function of the initial CNT array porosity, φ o , density of the polymer in the pores, ρ pnc,1 , the density of the ideal graphitic matrix, ρ g (ρ g 2.25 g/cm 3 , see Section S2 Supplementary Materials for details), the volume change coefficient (due to polymer infusion), ∆V inf , the volume change coefficient (due to pyrolysis), ∆V p,1 , and mass change coefficient (due to pyrolysis), ∆M p,1 :
Because no change in CNT array volume was observed post infusion (∆V inf 0), the ∆V inf term was omitted from the remaining equations presented here, but it can be re-introduced into Eq. 3 if necessary for nanofiber arrays with lower φ o values (volume fractions > 1%), such as densified CNT arrays 15, 16, 18, 24, 40 . Because Eq. 1 is more instructive when expressed in terms of density, it was multiplied by a factor of ρ g , leading to the definition of the matrix porosity after the first infusion, ρ m,1 (see Eq. S1 in the Supplementary Materials). For subsequent infusions, the increase in density may vary (i.e. slow down), so ρ m,1 needs to be modified to account for a non-constant rate of change by using the new mass and volume of the system. See Eq. S2−S3 in the Supplementary Materials for derivation of the working equation that is valid for an i number of phenolic infusions and pyrolyzations (Eq. S3). To condense Eq. S3 from the Supplementary Materials, three additional terms need to be used: the unit step function (H(x)), the amount of porosity filled by each infusion (ξ i ), and a filling coefficient accounting for the difficulty of filling the pores (ψ). ψ physically represents the increasingly diminishing returns of each successive infusion and pyrolyzation. H(x), ξ i , ψ are defined as follows:
Using Eq. 2a−c in conjunction with Eq. S3 from the Supplementary Materials leads to the following general form of ρ m,i :
Since the volume is unlikely to change after the first pyrolyzation when carbonization takes place at relatively low temperatures ( 1000
• C) and atmospheric pressure, the following simplification was made in Eq. 3: ∆V p,1 ≡ ∆V p and ∆V p,k =1 0. As discussed in Section IV, such a simplification cannot be made when high pressures are used to densify the PyC matrix during pyrolysis 28 (∆V p,k>1 0). To obtain the density of the A-CMNCs as a function of i, the contribution of the CNTs, represented by their average intrinsic density (ρ cnt ), needs to added to ρ m,i yielding the following form:
However, before Eq. 4 can be used, ρ cnt must be determined for the specific CNTs that comprise the A-CMNC. Using the average values of the multilwalled CNT (MWCNT) inner, D i , and outer, D o , diameters from a previous high resolution transmission electron microscopy (HRTEM) study 41 , and the relationship derived for ρ cnt as a function of their number of CNT walls, ρ cnt is evaluated at ∼ 1.7 g/cm 3 (see Section S2 in the Supplementary Materials for details), which is in very good agreement with the values predicted by a previously reported model for the intrinsic density of CNTs 42 . Using Eq. 4, the evaluated ρ cnt , and the experimentally determined CNT A-CMNC density (ρ exp c,i ), mass (∆M exp p,i ) and volume change (∆V exp p,i ) coefficients, the experimental matrix porosity (φ exp m,i ) can be calculated, and predictions after i infusions can be quickly and easily generated. Also, this model can be used quantify the processing of carbon matrix composites comprised of other nanowire/nanofiber arrays, or hierarchical systems where the nanowires/nanofibers are grown on micron-scale fibers, such as fuzzy fiber composites 43, 44 , as long as the intrinsic mass of the micron-scale fibers and nanowires/nanofibers is either known or can be determined (either empirically or theoretically). Using these results, the point of diminishing infusion returns and the maximum attainable density of A-CMNCs for a variety of other nanowire and nanofiber systems can be predicted without performing the very time consuming full parametric study that would be necessary for their empirical determination.
III. EXPERIMENTAL
Here we describe the methodology used to investigate the density of CNT-based A-CMNCs comprised of ∼ 1 vol. %, ∼ 8 nm outer diameter, vertically aligned MWCNTs.
A. CNT A-CMNC Fabrication Methods
Aligned CNT arrays were grown via a previously described thermal catalytic chemical vapor deposition process using ethylene as the carbon source [15] [16] [17] [18] . The forests were grown on 1 cm × 1 cm Si substrates to form CNT arrays that are ∼ 1 mm tall, have an average inter-CNT spacing of ∼ 80 nm 40 , and volume fractions of ∼ 1% CNTs 41 . A post-growth H 2 anneal 45 is used to weaken the attachment of the CNTs to the catalyst layer, which enables the easy delamination of the CNT forest from the Si substrate using a standard lab razor blade, thereby allowing further CNT processing to be performed in their free-standing state. See Fig. 2a for a high resolution scanning electron microscopy (HRSEM) micrograph of an asgrown CNT forest.
Fabrication of CNT A-PNCs via vacuum assisted wetting was performed by first gently depositing freestanding CNT forests into hollow cylindrical plastic molds, ensuring that the primary axis of the CNTs in the forest was orthogonal to the plane of the mold. The CNT forest was then infused with a phenolic resin (Durite SC-1008, Momentive Specialty Chemicals Inc.) at 40
• C under vacuum for ∼ 24 hours, forming the CNT A-PNC precursors. The polymer precursors were then cured for 6 hours at 80
• C. To turn the cured CNT APNCs into A-CMNCs, samples were heat treated as follows in a He environment: 400
• C for 30 minutes, 600
• C for 30 minutes, 750
• C for 30 min. These temperatures are very close to the previously reported temperatures of maximum reaction rate for a neat phenolic resin undergoing pyrolysis 46 . CNT A-CMNCs were then trimmed and polished, ensuring that the regions of excess PyC (both above and below) surrounding the original CNT forest were removed. See Fig. 2 for HRSEM micrographs of a ∼ 1 vol. % CNT A-CMNC illustrating the CNT alignment (Fig. 2b) and PyC matrix porosity (Fig. 2c) .
The second polymer infusion was performed by first placing the CNT A-CMNCs into hollow cylindrical plastic molds, ensuring that the primary axis of the CNTs in the A-CMNCs was orthogonal to the plane of the mold. Diluted phenolic resin (in acetone), which had a dilution factor (F dilut ) 60% by mass, was then added on top of the CNT A-CMNCs. F dilut has a significant effect on the final CNT A-CMNC density and porosity, and is discussed further in the next Section (see Eq. 6). Polymer reinfusion took place at room temperature and pressure for ∼ 72 hours. Reinfused CNT A-CMNCs were then cured for 30 minutes at 80
• C, and subsequently pyrolyzed using the previously described conditions (400
• C (30 minutes) → 600
• C (30 minutes) → 750
• C (30 minutes)). Finally, the re-infused CNT A-CMNCs were trimmed and polished, ensuring that the regions of excess phenolic resin surrounding the original CNT forest were removed.
To evaluate the apparent matrix porosity, φ 
To characterize the surface morphology of CNT ACMNCs, SEM analysis was performed using a JEOL 6700 cold field-emission gun scanning electron microscope using secondary electron imaging at an accelerating voltage ranging from 1.0 (for CNT forests) 40 to 3.0 kV (for CNT A-CMNCs) 23, 24 and a working distance of either 3.0 mm (Fig. 2a and Fig. 2b) or 8.0 mm (Fig. 2c) . To examine whether the pyrolysis step affects the alignment of the CNTs in the A-CMNCs, the cross-sectional fracture surfaces of a ∼ 1 vol. % as-grown CNT forest (Fig. 2a) and A-CMNC (Fig. 2b and Fig. 2c) , prepared by cleaving parallel to the CNT alignment direction, were imaged and compared. Fig. 2b demonstrates that the CNT A-CMNCs exhibit good matrix filling while preserving Porosity Porosity Porosity the CNT alignment over a characteristic length scale of ∼ 1 µm. To show the high (∼ 60%) matrix porosity in the CNT A-CMNCs, the low angle secondary electron imaging mode was used, which clearly illustrates that a significant amount of pores form during the pyrolysis process (see Fig. 2c ).
IV. RESULTS AND DISCUSSION
To quantify the effect of pyrolysis on the porosity of the CNT A-CMNCs, the experimentally determined apparent densities of the CNT A-PNCs and A-CMNCs were used to calculate ∆M p and ∆V p (see Table I ). As illustrated in Table I , the ∼ 1 vol. % CNT A-CMNCs have an apparent density of 0.888 ± 0.115 g/cm 3 and a calculated PyC matrix porosity of 61.0 ± 5.1% (evaluated using Eq. 5 and the determined ∆M p and ∆V p values from Table I ).
The reinfusion results (see Table I ) indicate that while an increase of apparent density through reinfusion with a diluted phenolic resin is feasible, it may not be the most practical way to obtain very low PyC matrix porosities. As shown in Table I 
Where F inf is defined as the infusion factor, which takes into account the fraction of pores that was actually infused by the diluted phenolic resin. Solving Eq. 6 for F inf yields F inf ∼ 40%, illustrating that not all of the pores were infiltrated using this method. To evaluate the maximum attainable ρ c,i , and the number of infusions necessary to achieve it, these results were used with Eq. 4 at a range of ψ values, where ψ represents the fraction of pores that remains accessible after each phenolic infusion and pyrolyzation. Since the value of ψ has a very strong influence on the model predictions, a physical upper bound for ψ (ψ max ) was first determined. To do so, ρ c,i (Eq. 4) was evaluated numerically for the case of zero matrix porosity (perfect filling), yielding ψ max 93%. See Section S3 in the Supplementary Materials for details. A preliminary study on the impact of a third polymer infusion and pyrolyzation (the second infusion with a diluted resin) on ρ c,i gives an estimated value of ρ c,3 1.09 g/cm 3 (→ ψ 50%) 24 , meaning that the range of ψ that will likely be phenomenologically observed is 30% ≤ ψ ≤ 90%. See Fig. 3 for plots of the model predicted ρ c,i (Fig. 3a) and φ m,i (Fig. 3b) , and Table S2 in the Supplementary Materials for a list of the model predicted ρ c,i for 30% ≤ ψ ≤ 90%. As illustrated in Fig. 3 (and Table S2 in the Supplementary Materials), regardless of the value of ψ, the model predicts that ρ c,i will not exceed ∼ 1.2 g/cm 3 (→ φ m,i 46.4%) at i = 4, where successive polymer infusions lead to significantly diminished returns for the majority of ψ values (especially for ψ 80%). Also, for the ψ = 90% case, in order to get φ m,i < 20%, a value of i > 25 is necessary, meaning that such a low value of φ m is likely both physically and practically unattainable for A-CMNCs produced using wet infusion with a diluted (F dilut 60% by mass) phenolic resin. A possible way to achieve φ m,i < 20% at a reasonable value of i (i 10) is to apply pressure during the pyrolysis stage 28 , which will make ∆V p,1 ≡ ∆V p (the simplification in Eq 3 is no longer true), but the compressive stress will probably alter the morphology of the CNTs in the matrix 47, 48 , thereby impacting the physical properties of the CNT A-CMNCs. Therefore, in order to synthesize A-CMNCs with very low porosities (φ m 20%) without changing the A-CMNC morphology, a gas phase infusion method, such as carbon vapor infiltration (CVI) 27, [49] [50] [51] , would most likely be necessary. Another method that could yield very low porosity A-CMNCs is the use of successive infusions with a diluted phenolic resins, which could be designed to form approximately conformal coatings of polymer, and subsequently PyC (after pyrolysis). However, a drawback of such a synthesis method is the need for critical point drying (CPD) 52, 53 to dry the samples before pyrolyzation, which is more difficult to use in an industrial scale. Future work should explore both methods, and determine which yields the CNT A-CMNCs with minimal porosities, and optimal combination of physical properties.
V. CONCLUSIONS
In summary, a model that can predict the attainable density and matrix porosity of aligned nanofiber architectures as a result of multiple wet polymer infusions and pyrolyzations is derived, and applied to an exemplary system of aligned nanofiber carbon matrix nanocomposites (A-CMNCs) comprised of ∼ 1 vol. %, ∼ 8 nm outer diameter, aligned CNTs. The experimental results illustrate that a second polymer infusion and pyrolyzation can increase the CNT A-CMNC density by ∼ 14% (from 0.888 g/cm 3 to 1.015 g/cm 3 ) leading to a ∼ 6% reduction in the porosity of the carbon matrix (from 61.0% to 54.8%). Since the infusion factor had a computed value of 40%, and because 10 to 70% of the remaining pores will likely become inaccessible after each polymer infusion, the model predicts significantly diminished returns will be observed after the fourth polymer infusion, where the density of the ∼ 1 vol. % CNT A-CMNC will be 1.1 − 1.2 g/cm 3 (porosity 46 − 52%). This corresponds to a ∼ 24 − 35% increase in density (∼ 9 − 15% reduction in matrix porosity) when compared to the single polymer infusion and pyrolyzation results. These modeling results highlight that continued infusion with a diluted phenolic resin will likely never result in a porosity that is < 20%, meaning that future work should explore alternative infusion methods, such as carbon vapor infiltration, and layer by layer assembly via critical point drying of thin conformal films of liquid precursor. Because high nanofiber volume fraction architectures generally have the most promising properties, but were not studied here, future work should also apply this model to A-CMNCs produced using higher CNT volume fractions ( 10 vol. %) 18 . Once gas phase infusion and layer by layer assembly methods are explored, and data for high volume fraction architectures is avail-able, this model could be used to accurately predict the number and type of processing steps necessary for fabrication of more general architectures of nanofibers, including nanowires, for a variety of high value applications.
S1. EXPANDED FORM OF INTERMEDIATE REINFUSION MODEL EQUA-TIONS
The density of the PyC matrix after the first polymer infusion and pyrolyzation, ρ m,1 , can be defined as follows (expanded from Eq. 1 in the main text):
To calculate the density for a non-constant rate of change after i infusions and pyrolyzation, ρ m,i , the change in mass, ∆M p,i , and volume, ∆V p,i , of the system needs be taken into account, leading to the following summation:
Eq. S2 can be extended to the following general form: To evaluate the theoretical intrinsic density of a CNT, its structure and bonding must be considered. For an MWCNT, which is composed of layers of rolled up graphene, the theoretical density of a single graphene sheet, ρ g , needs to first be evaluated. To predict the density of graphene, the density of the repeat unit (benzene ring) must be evaluated (see Fig. S1a for illustration) . Using the mass of carbon atoms, M C , their van der Waals radius, r vdW , and the carbon-carbon bond length, c−c , the following expression can be derived for the density of a single graphene sheet, ρ g :
Using r vdW = 1 2 = 1.705Å and c−c = 1.415Å, the predicted ρ g is 2.25 g/cm 3 , which is the same as single crystal graphite.
To find the density of a MWCNT with n number of walls, the effective volume of graphene needs to be evaluated. Using a reasonable inter-layer spacing value for MWCNTs, = (≈ 3.41Å), and the MWCNT inner, D i , and outer, D o , diameters, the effective volume of graphene as a function of CNT length and number of walls, V g,n , and the density of a MWCNT cross-sectional geometry):
See Fig. S2a for a plot of the intrinsic MWCNT densities, computed using Eq. S6, as a function of n for 3 ≤ n ≤ 7. Since the MWCNT forests used in this study are composed of a distribution of 3 − 7 walled MWCNTs with D o = (D i + 2 = (n − 1)) 2 , the average MWCNT intrinsic density, ρ cnt , must also take into account the normalized population of each n walled MWCNT, p n , and needs to be computed as follows: Table S1 for two more numerical solutions that belong to this family. Evaluating Eq. S7 using ρ g from Eq. S4 and the above populations yields a predicted ρ cnt value of 1.66873 g/cm 3 ≈ 1.7 g/cm 3 . This value of ρ cnt is in very good agreement with the ρ cnt values computed for the two other numerical solutions (1.66863 g/cm 3 ≈ 1.7 g/cm 3 and 1.66674 g/cm 3 ≈ 1.7 g/cm 3 ). These ρ cnt values, along with the corresponding p n values, can be found in Table S1 . To determine the physical upper bound on fraction of pores that remains accessible after each phenolic infusion and pyrolyzation, ψ max , Eq. 4 from the main text (in its full form) was used to estimate the maximum of the CNT A-CMNC density, ρ c,max , which would occur at zero matrix porosity (perfect filling): 
